The effects of periodic mechanical stress on the mitogenesis of chondrocytes have been studied extensively in recent years. However, the mechanisms underlying the ability of chondrocytes to sense and respond to periodic mechanical stress remain a matter of debate. We explored the signal transduction pathways of proliferation and matrix synthesis when chondrocytes were exposed to periodic mechanical stress. We observed that periodic mechanical stress statistically and significantly enhanced the phosphorylation and activation of Rac1 (p<0.05 for each). Pre-treatment with the Rac1 selective inhibitor NSC23766 attenuated periodic mechanical stress-induced chondrocyte proliferation and matrix synthesis (p<0.05 for each) and abrogated ERK1/2 signal activation (p<0.05), but did not block periodic mechanical stressinduced Src and PLCγ1 phosphorylation in this context. In addition, inhibition of Src with its selective inhibitor PP2 and shRNA targeted to Src blocked Rac1 signal activation (p<0.05 for each), but inhibition of the activity of PLCγ1 did not affect the phosphorylation and activation levels of Rac1 under conditions of periodic mechanical stress. The up-regulation of proliferation and matrix synthesis was inhibited in chondrocytes in response to periodic mechanical stress after pretreatment with blocking antibody against integrinβ1 (p<0.05 for each) but not after pretreatment with blocking antibody against integrinβ3. The phosphorylation levels of ERK1/2, Rac1, PLCγ1 and Src, and Rac1 activation level were also reduced when integrinβ1 was blocked in this context (p<0.05 for each). These findings suggest that periodic mechanical stress promotes chondrocyte proliferation and matrix synthesis in part by activating the ERK1/2 mitogenic signal through the integrinβ1-Src-PLCγ1/Rac1-ERK1/2 pathway, which links these important signaling molecules into mitogenic cascades.
Cell culture
Chondrocytes were harvested using the method described by Séguin and Bernier [25] . Cells were puri�ied by repeated adherence, and morphology was observed under an inverted phase contrast microscope by staining collagen type II according to the conventional ABC method. Cells of the second generation were seeded on a glass slide (25 mm × 25 mm) coated with type II collagen at a density of 10 5 cells. Experiments were performed when cells were approximately 70-80% con�luent.
Inhibitors
Blocking antibodies against integrinβ1 and integrinβ3, PP2, U73122, NSC23766, and PD98059 were speci�ic inhibitors of integrinβ1, integrinβ3, PP2, PLCγ1, Rac1, and ERK1/2, respectively. Blocking antibodies against integrinβ1 and integrinβ3, and Rac1 were dissolved in DMEM, and the other inhibitors were dissolved in anhydrous dimethylsulfoxide (DMSO) to form 1,000× concentrated solution. Aliquots of all inhibitors were stored at -20°C. Each concentrated solution was diluted by 1,000× immediately prior to use; PP2, U73122, and PD98059 pretreatment groups contained 0.1% (v/v) DMSO, which was the concentration used for the control group. Cells were pre-treated with PP2 (10 µM), U73122 (10 µM), NSC23766 (50 µM), PD98059 (50 µM), or an equivalent amount of DMEM or DMSO (0.1% v/v) for 1 h. The remaining cells were pre-treated with blocking antibodies against integrinβ1 or integrinβ3 (10 µg/mL for each) or an equivalent amount of DMEM for 5 h.
Construction of a periodical mechanical stress �ield
A periodic stress �ield encompassing the perfusion culture system with adjustable stress intensity and frequency was constructed by connecting the reciprocating intensi�ier pump to the air-tight cell culture device through a barrier-type pressure transducer, as previously described [26] . Our previous study found that tissue-engineered cartilage exhibited the best quality when the rabbit chondrocytes underwent stress varying from 0 kPa to 200 kPa at 0.1 Hz. Therefore, this pressure range (0-200 kPa) and frequency (0.1 Hz) were used in the experiment.
Experimental groups
Two steps were undertaken in the experiment. In the �irst step, cells were divided into a non-pressure group and a pressure group. Cells were maintained under static conditions or periodic mechanical stress for 0 h, 0.5 h, 1 h, or 2 h prior to Western blot analysis and Racc1 GTPase activity assay.
In the second step, cells were pretreated with blocking antibodies against integrinβ1 or integrinβ3 (10 µg/mL for each), PP2 (10 µM), U73122 (10 µM), NSC23766 (50 µM), or PD98059 (50 µM), respectively. Or cells were pretreated with shRNA targeted to Src or control scrambled shRNA, respectively. Cells were maintained under static conditions or periodic mechanical stress for 1 h prior to Western blot analysis and Rac1 GTPase activity assay, for 8 h prior to qPCR analysis (aggrecan and type II collagen gene expression), and for 3 d (8 h per d mechanical stress) prior to direct cell counting, CCK-8 assay and Western blot analysis (aggrecan and type II collagen protein expression).
All groups of cells involved in the experiments were incubated at 37°C with 5% CO 2 .
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Western blot analysis Total protein was prepared and Western blot analyses were performed as previously described [27] . Total protein was prepared using RIPA buffer and the Bradford assay was used to determine protein concentration. Protein samples were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Following blocking for 1 h with 5% milk in TBST, the membranes were incubated with antibodies (1:1,000 dilutions for three antibodies) overnight at 4°C. Blots were then incubated with horseradish peroxidaseconjugated secondary antibody at ambient temperature for 1 h and the colors were developed with ECL. The results were scanned using a Gel Imaging System (UVP Company, USA) and measured using Gel-Pro Analyzer software (Media Cybernetics, US).
Quantitative real-time PCR (qPCR) analysis
Total RNA was extracted using RNAiso Plus and was reverse transcribed into cDNA with the PrimeScript RT Reagent Kit according to the manufacturer's protocol. qPCR analysis was performed with the LightCycler System (Roche Diagnostics) using SYBR Premix Ex Taq II as previously described [28] . The reaction was performed in a 20-µL mixture containing 2 µL of the above cDNA. Each cDNA sample was ampli�ied using speci�ic primers (Table 1 , TaKaRa, Japan). The cycling conditions were a 30 s initial denaturation step at 95°C followed by 40 cycles at 95°C for 5 s and 60°C for 20 s. Gene expression for AGC and Col2 was normalized against that for GAPDH.
Proliferation studie
Proliferation studies were assessed by two different methods: direct cell counting and CCK-8 assay.
Direct cell counting
Cells were trypsinized and counted as previously described [11] . Second generation chrondrocyteswere seeded on glass slides (25 mm × 25 mm) coated with type II collagen at a density of 10 5 cells and were randomly divided into different groups. Each group included cells on six glass slides. Experiments were performed when cells had reached approximately 70-80% con�luence. Chondrocytes were cultured for 3 days under non-pressure conditions or conditions of periodic mechanical stress 8 h per day prior to direct cell counting. Cells were trypsinized and counted. Cell number was determined by counting cells from each glass slide independently. The experiments were repeated �ive times.
CCK-8 assay
Cell proliferation was determined by using CCK-8 solution according to the manufacturer's instructions as previously described [29] . Cells were added to 10 µL CCK-8 solution in each well of �ive 96-well plates (n=5) and incubated for 4 h at 37°C. The absorbance of each well was �inally determined at 450 nm by using a microplate reader.
Rac1 GTPase activity assay
Rac1 activity was assessed by a pulldown assay as described previously [11] . Cells were lysed in a buffer containing 20 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl 2 , 2 mM NaF, 1% Triton X-100, 10% glycerol, 10 µg/mL aprotinin, 10 µg/mL leupeptin, and 1 mM PMSF at pH 7.6. Extracts were sonicated and clari�ied by centrifugation (10 min, 14,000 rpm at 4°C), and the protein concentration was determined by the BCA 
Statistical analysis
Statistical analyses were performed using SPSS 14.0 software and the results are expressed as the mean ± standard deviation. Student unpaired t-tests and one-way analysis of variance (ANOVA) followed by post-hoc Fisher's least signi�icance difference (LSD) tests were used to determine the statistical signi�icance. A p value of 0.05 was considered to be signi�icant.
Results

Periodic mechanical stress stimulates Rac1 phosphorylation
We observed that periodic mechanical stress statistically and signi�icantly increased Rac1-cdc42-Ser 71 phosphorylation levels relative to those in chondrocytes cultured under static conditions (p< 0.05 for each, Fig. 1, n=5 ).
Periodic mechanical stress stimulates Rac1 activation
To further con�irm that Rac1 is activated in response to periodic mechanical stress, we performed a Rac1 pulldown assay. We observed that periodic mechanical stress statistically and signi�icantly increased Rac1 activity relative to that in chondrocytes under static conditions (p< 0.05 for each, Fig. 2, n=5 ).
Rac1 is required for periodic mechanical stress-initiated chondrocyte proliferation and matrix synthesis
We then investigated whether Rac1 was involved in periodic mechanical stressinduced chondrocyte proliferation and matrix synthesis. Chondrocytes were pretreated with NSC23766 (50 µM) or with control vehicle (DMEM) for 1 h, and then chondrocyte proliferation and matrix synthesis were measured. Rac1 inhibition blocked periodic mechanical stress-induced chondrocyte proliferation, aggrecan and type II collagen gene and protein expressions in comparison with the control group (DMEM-pretreated chondrocytes) (p<0.05 for each, Fig. 3, n=5) .
Integrinβ1 but not integrinβ3 is required for periodic mechanical stress-stimulated chondrocyte proliferation and matrix synthesis
We sought to determine whether integrinβ1 and/or integrinβ3 signaling pathways were also required to stimulate chondrocyte proliferation and matrix synthesis during periodic mechanical stress. Pretreatment with blocking antibodies against integrinβ1 (10 µg/mL) for 5 h before the initiation of periodic mechanical stress prevented the upregulation of chondrocyte proliferation and aggrecan and type II collagen gene expression (p<0.05 for each, Fig. 4, n=5) . Pretreatment with blocking antibodies against integrinβ3 (10 µg/mL) did not elicit the same response in chondrocytes, compared with the control group (DMEM-pretreated chondrocytes), subjected to periodic mechanical stress (p>0.05 for each, Fig. 4, n=5) .
Rac1 is required for periodic mechanical stress-induced ERK1/2 phosphorylation NSC23766 (50 µM) blocked periodic mechanical stress-induced ERK1/2 phosphorylation in comparison with the control group (DMEM-pretreated chondrocytes) growing under the same conditions (p<0.05 for each, Fig. 5, n=5 ). 
Rac1 is not required for periodic mechanical stress-induced Src and
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Src is required for periodic mechanical stress-induced Rac1 phosphorylation and activation
Relative to that in the control groups, Rac1 phosphorylation and activation was signi�icantly diminished after treatment with PP2 (10 µM) and shRNA targeted to Src in response to periodic mechanical stress (p<0.05 for each, Fig. 6, n=5 ).
PLCγ1 inhibition does not prevent periodic mechanical stress-induced Rac1 phosphorylation and activation
We evaluated whether PLCγ1 was required for the activation of Rac1 stimulated by periodic mechanical stress. PLCγ1 inhibition by U73122 (10 µM) pretreatment did not Fig. 4 . Effects of integrinβ1 and integrinβ3 on chondrocyte proliferation and matrix synthesis under conditions of periodic mechanical stress. After pretreatment with control vehicle (DMEM) or blocking antibodies against integrinβ1 or integrinβ3, rat chondrocytes were cultured for 3 d under static conditions or with periodic mechanical stress for 8 h per day prior to proliferation studies, or chondrocytes were cultured in vitro for 8 h with or without periodic mechanical stress prior to matrix synthesis studies. Chondrocyte proliferation was analyzed using direct cell counting (A) and CCK-8 assay (B). Chondrocyte matrix synthesis was analyzed using qPCR assay. Aggrecan (C) and type II collagen (D) gene expressions were adopted to re�lect the levels of matrix synthesis of the chondrocytes. Chondrocyte proliferation and matrix synthesis results are shown in the histogram (n=5, *, p<0.05 for each). Chondrocyte proliferation and matrix synthesis in the blocking antibody against integrinβ1 pretreatment groups were signi�icantly diminished in comparison with those in the control group in response to periodic mechanical stress (n=5, p<0.05 for each, One-way analysis of variance (ANOVA) followed by post-hoc Fisher's least signi�icance difference (LSD) test). Chondrocyte proliferation and matrix synthesis in the blocking antibody against integrinβ3 pretreatment groups were not appreciably altered in this context (n=5, p>0.05 for each, One-way analysis of variance (ANOVA) followed by post-hoc Fisher's least signi�icance difference (LSD) test).
Discussion
This study was designed to determine the mechanism of signal transduction by which periodic mechanical stress promotes chondrocyte proliferation and matrix synthesis. We demonstrated that periodic mechanical stress activates chondrocyte proliferation and matrix synthesis in part through integrinβ1-Rac1-ERK1/2 signaling.
The small GTP-binding Rho family proteins consist of three components: RhoA, Rac1, and Cdc42. Previous associated studies in chondrocytes mainly focused on the role of RhoA following mechanical stimulation [30, 31] . Haudenschild and colleagues reported that mechanical stimulation activated SOX9 in human chondrocytes and that RhoA signaling plays an important role in that process [30] . The involvement of Rac1 in mechanosensing and signaling transduction in various nonchondrocytic cell types has been demonstrated [32, 33] . Further, one study by Qi et al. demonstrated that cyclic mechanical strain stimulation induces proliferation of the vascular smooth muscle cells by activation via Rac1 signaling [34] . We observed that periodic mechanical stress statistically and signi�icantly enhanced phosphorylation and activation of Rac1, relative to that in chondrocytes under static conditions. We found that blocking Rac1 with NSC23766 prevented the up-regulation of chondrocyte proliferation and matrix synthesis following periodic mechanical stress. Our �indings indicate that Rac1 appears to play a key role in chondrocytic adaptation and response to physical periodic mechanical stimulation. To our knowledge, these results are the �irst to strongly implicate Rac1 signaling in the chondrocytic mitogenic response to periodic mechanical stimulation.
Various kinases can transduce mechanical signals into �inal mitogenic effects through the ERK1/2 MAPK signaling cascades. The activation of ERK1/2 by Rac1 has recently been demonstrated to be a signaling transduction mechanism in cardiomyocytes and smooth muscle cells for the detection and response to cyclic mechanical stretching [35, 36] . We found that the up-regulated phosphorylation level of ERK1/2 initiated by periodic mechanical stimulation was attenuated when the activity of Rac1 was inhibited, which suggests that Fig. 7 . Effects of PLCγ1 on the expression, phosphorylation and activation of Rac1 under conditions of periodic mechanical stress. After pretreatment with DMSO or PLCγ1 inhibitor U73122, rat chondrocytes were cultured in vitro for 1 h under static conditions or conditions of periodic mechanical stress. The expression and phosphorylation levels of Rac1 were detected by western blotting, and Rac1 activation was quanti�ied by Rac1 GTPase activity assay. The total quantity of Rac1 served as the control. Results are represented in the histogram (n=5, *, p<0.05 for each). The images above are representative results of western blotting and Rac1 GTPase activity assay. The phosphorylation levels of Rac1-Ser 71 and Rac1 activation levels in the U73122 pretreatment groups were not appreciably altered in chondrocytes in response to periodic mechanical stress (n=5, p>0.05 for each, Student unpaired t-test). Rac1 locates upstream of ERK1/2 in this context. Although our results did not exclude a role for other small GTP-binding Rho family proteins, the activation of Rac1 seems to contribute to at least some mechanical stress-induced ERK1/2 mitogenic mechanotransduction signals in chondrocytes.
Then, the question arises as to how Rac1 is being regulated in response to cyclic mechanical stress in chondrocytes. The coincidence of Src and PLCγ1 with Rac1, as upstream mediators of ERK1/2 modulation of chondrocytic mitogenic effects, raises the possibility that there may be some causal relationship between the activation of Rac1 and the activation of Src and PLCγ1. Moreover, Src has often been reported to be an upstream mediator of Rac1 in many other systems [11, 14] . Zhang et al. demonstrated that mechanical strain stimulation of ROS generation in glomerular mesangial cells is induced by Rac1 activation via an Src signaling pathway [13] . In response to other non-mechanical stimuli, Rac1 is also recognized as a downstream signaling molecule of Src signals [37] [38] [39] [40] [41] . In our study, pretreatment of cells with the Src inhibitor PP2 and shRNA targeted to Src blocked periodic mechanical stress-induced Rac1 phosphorylation and activation, which suggests that Src activation of Rac1 at Ser71 is responsible for the signaling transduction mechanisms in chondrocytes under conditions of cyclic mechanical stimulation. Undoubtedly, Rac1 can be activated not only by Src but also by other mechanosensors and signaling proteins following mechanical stimulation [10, 36] . The nature of the relationship between PLCγ1 and Rac1 is complex and remains controversial. PLCγ1 is required for Rac1 activation in the development and progression of breast cancer metastasis [15] . Similarly, in a study of keratinocyte cell-cell adhesion and differentiation, Bourguignon concluded that activated Rac1 signal mediates the phosphorylation level of PLCγ1 [42] . We found the selective inhibitor of PLCγ1, U73122, did not attenuate the phosphorylation or the activity of Rac1 in chondrocytes in response to cyclic mechanical stress. Our results strongly imply that PLCγ1 is not required for the activation of Rac1 that is stimulated by periodic mechanical stress. NSC23766 pretreatment also did not affect the levels of PLCγ1 phosphorylation in comparison with DMSO-pretreated chondrocytes growing under the same conditions. Therefore, periodic mechanical stressinitiated PLCγ1 and Rac1 signals may act in parallel with each other. These data support the concept that Src may be a proximal kinase in the signal transduction pathways and that two periodic mechanical stress-activated signaling pathways converge upon ERK1/2, one being Rac1-dependent and the other being PLCγ1-dependent, and both of which depend on the activity of Src.
Integrins have been regarded as the main mechanosensors in various cell types that are involved in sensing and response to mechanical stimulation [18, 20] . In the study of embryonic stem cells, mechanical stimulation activates mitogenic effects mainly through integrinβ1 [24] . There are contrasting �indings, however, and in one report integrinβ3 was demonstrated to participate in a main mechanosensor and signaling transduction mechanism in endothelial cells for detection and response to mechanical shear stress [43] . Lee and colleagues con�irmed that proliferation of osteoblast-like cells induced by oscillatory shear stress is mediated by both integrinβ1 and integrinβ3 [23] . We blocked integrinβ1 or integrinβ3 with their functional blocking antibodies and found that up-regulated cell proliferation, aggrecan and type II collagen gene expression were abrogated after inhibition of integrinβ1 but not of integrinβ3 in chondrocytes subjected to cyclic mechanical stimuli. Our �indings illustrated that integrinβ1, but not integrinβ3, appears to play a key role in chondrocytic adaptation to physical mechanical stimulation. It is a novel discovery that integrinβ1 modulates periodic mechanical stimuli-initiated chondrocyte proliferation and matrix synthesis.
Integrins have no kinase activity and their transmission of mechanical signals into biochemical signals through integrin-associated signaling kinases. Src is one such kinase and that integrins could play a role through the recruitment and activation of Src kinase. However, the dependence of Src on integrins signaling is not necessarily universal and is still obscure in chondrocytes under mechanical stimulation. And it is possible that Src can be activated by other mechanosensors and that integrins can transmit mechanical signals
